Reaction of [Os 3 (CO) 10 
INTRODUCTION
The synthesis and reactivity of electron-deficient benzoheterocyclic triosmium clusters, [Os 3 (CO) 9 {μ 3 -η 2 -(L-H)}(μ-H)], (L = quinolines, phenanthridine, 5,6-benzoquinoline) where the electron-deficiency arises from the presence of a three-center two-electron bond β to the coordinated pyridinyl nitrogen, have been studied intensively over the last ten years because of their unique structures, fascinating chemical reactivity and particularly their applications in modelling industrially important catalytic processes [1] [2] [3] [4] [5] [6] [7] . Even in cases of heterocycles containing two heteroatoms such as a second nitrogen, sulfur or oxygen and as well as nitrogen and a fused benzene ring (e.g., quinoxaline, benzimidazoles, benzothiazoles, benzoxazoles) the products are the results of C-H activation at C(7) (C(8) for quinoxaline) and nitrogen coordination. These decacarbonyl complexes cleanly decarbonylate to give structural analogs of the complexes obtained with the nitrogen containing benzoheterocycles, [Os 3 (CO) 9 {μ 3 -η
-(L-H)}(μ-H)], (L =
benzimidazoles, benzothiazoles, benzoxazoles, qunoxaline) [2, 3] An interesting feature of all of these electron-deficient clusters is that reactions with nucleophiles such as phosphines and amines result in ligand addition at the metal core [1a, b] while with anionic nucleophiles such as hydride or carbanions nucleophilic addition is at the carbocyclic ring [1c, 3] . The latter represents a dramatic change of the reactivity of the coordinated heterocyclic ligands relative to the free ligand where reaction with anionic nucleophiles is always at the heterocyclic ring. We have also demonstrated that despite their structural similarities, the reactivity of these compounds is sensitive to the nature of the heterocyclic ring [2] [3] [4] [5] . In the case of the heterocycles containing two heteroatoms activation at C(2) is competitive with activation at C(7) but in all cases coordination of the pyridinyl nitrogen is favored over oxygen, pyrrole nitrogen atoms and in particular sulfur [1] [2] [3] [4] [5] [6] [7] .
The reactivity of sulfur containing aromatic heterocycles toward transition metal centers has been an active area of research due to the relevance of the complexes obtained towards understanding catalytic hydrodesulfurization (HDS) processes [8, 9] . 6 ] by a double C-S bond activation-desulfurization process [12] .
Both C-H and C-S bond activated products of thiophene, tetrahydrothiophene, benzothiophene and dibenzothiophene were obtained from their reactions with activated and/or unsaturated triosmium clusters [13] [14] [15] [16] . However, the chemistry of S-heterocycles containing fused benzene rings is distinctly less developed than that of the corresponding N-heterocycles. Particularly, very little has been investigated on the synthesis of the electron-deficient complexes derived from S-heterocycles, although it might be expected that in the absence of a pyridinyl nitrogen that the S atom would coordinate and provide complexes similar to the N-benzoheterocyclic compounds [Os 3 (CO) 9 {μ 3 -η 2 - as orange crystals after recrystallization from hexane/CH 2 Cl 2 at -4˚C.
X-ray Crystallography
Single crystals of 2 suitable for X-ray diffraction were grown by slow diffusion of hexane into a dichloromethane solution at -4 ˚C. X-ray intensity data for 2 were collected on a Bruker SMART with Mo-K X-rays using standard procedures and software. Semi-empirical absorption corrections were applied (SADABS) [21] . Structures were solved by direct methods and developed and refined on F 2 using the SHELX programmes [22] operating under WinGX [23] . The bridging hydride ligand was located from a difference map and refined. All other hydrogen atoms were included in calculated positions.
Electrochemistry
Electrochemical measurements were performed using a BAS CV-50W analyzer equipped with a standard three-electrode cell. The cell was designed to allow the tip of the reference electrode to approach closely to the working electrode. Voltammetric experiments were performed using aqueous Ag/AgCl as a reference electrode, a glassy carbon as a working electrode and platinum wire as the auxiliary electrode. Potential data are referenced to the ferreocene(0/+) couple, which is oxidized in CH 2 Cl 2 at +0.48 V vs Ag/AgCl. Typically, a solution containing 1mM of the cluster and 0.1 M supporting electrode (tetrabutylammonium hexafluorophosphate, Bu 4 NPF 6 ) was prepared using freshly distilled dichloromethane. The solution was degassed prior to introducing the sample and also between runs. Positive feedback iR compensation was routinely applied.
Computational Details.
All calculations were performed using the Gaussian 03 package [24] . Geometry optimization of the cluster was performed at the B3PW91/LANLD2Z level for heavy atoms and at the B3PW91/6-31G** 17 for the light atoms. The nature of the stationary points was confirmed by normal mode analysis. No negative frequencies were found for the optimized geometry. (2) in 15% and 12% yields, respectively (Scheme 2). We were unable to obtain X-ray quality crystals of 1, therefore the characterization is based on elemental analysis, infrared, 1 H NMR, 31 P-{ 1 H} NMR and mass spectral data. Compound 2 has been characterized by a combination of spectroscopic data and a single crystal X-ray diffraction analysis.
RESULTS AND DISCUSSION

Scheme 2 here
The pattern of the IR spectrum of 1 in the carbonyl stretching region is very similar to that of [Os 3 (CO) 9 (μ 3 -η 2 -C 12 H 6 S)(µ-H) 2 ], which was obtained from the reaction of [Os 3 (CO) 10 (MeCN) 2 ] with dibenzothiaphene and characterized by X-ray diffraction, indicating that they are isostructural [15] . The FAB mass spectrum of 1 shows a molecular ion peak at m/z 1040 consistent with its formulation and fragmentation peaks due to the sequential loss of nine CO groups were also [26] as has been found for complexes derived from benzothiophene and dibenzothiophene [13, 15] The solid-state molecular structure of 2 is shown in Figure 1 , crystal data are given in Table   1 , and selected bond distances and bond angles are listed in Table 2 . The structure consists of an isosceles triangle of osmium atoms with almost two equal metal-metal edges{Os(1)-Os ( (2) edge of the triangle, sitting trans to carbonyl groups CO (13) and CO (23) [29] . The average S-C distance of 1.769 (5) 
Figure 1 here Tables 1and 2 here
The spectroscopic data of 2 are fully consistent with the solid-state structure. The pattern of the infrared spectrum of 2 in the carbonyl region is very similar to those of the electron-deficient 4- C 9 H 6 N)(μ-H)] which was obtained from the addition of PPh 3 to the electron-deficient of [Os 3 (CO) 9 (PPh 3 )(μ 3 -η 2 -C 9 H 6 N)(μ-H)] and characterized by x-ray crystallography, the depicted for 4 where the phosphine ligand is on the Os atom bound to the carbon atom of the heterocycle is most likely, as shown in Scheme 2 [1a] . The formation of 5 is probably the result of nucleophilic attack at the metal core followed by reduction elimination of thianthrene. The previously reported compound 5 was identified by comparison of its spectroscopic properties with the literature values [31] . This facile phosphine induced reductive elimination of the heterocyclic ligand has not been previously observed with the nitrogen analogs of 2 and points to a distinct difference in the bonding between the cluster and the ligand in this new complex (vide infra).
The previously reported electron deficient benzoheterocycle nitrogen triosmium clusters,
[Os 3 (CO) 9 {μ 3 -η 2 -(L-H)}(μ-H)] were all electrochemically active. In some cases (L = phenanthridine, 5,6-benzoquinoline, 4-quinoline carboxaldehyde) reversible reductions were observed and relatively stable carbanions were formed. Only irreversible oxidations were observed.
In other instances (L=quinoline, quinoxaline, benzothiazole, benzoxazole and benzimidazole) irreversible reductions and oxidation were observed [1b, 1g, 4] . In order to compare the electrochemical behavior of this class of electron deficient complexes with 2 we measured its redox potentials in CH 2 Cl 2 and report them here relative to the Fc/Fc + couple. Compound 2 shows an irreversible reduction at -1.54 V and an irreversible oxidation at +0.574 V at a scan rate of 50 mV/s. These irreversible potentials are significantly different from those of quinoline which exhibits two irreversible reductions at -1.38 and -1.99 V and an irreversible oxidation at +0.14 V.
It might be expected that the less electronegative sulfur heterocycle would show a more positive oxidation potential and a slightly more negative first reduction but it was a bit surprising that the presence of a third aromatic ring did not render the reduction reversible as is the case for the electron deficient clusters of tricyclic triosmium clusters of phenanthridine and 5,6-benzoquinoline.
It would appear that the disposition of the third ring has an influence on the stability of the radical anion resulting from electrochemical reduction.
In order to better understand the electron acceptor properties of 2 and to compare its overall electronic structure with related clusters previously investigated by computational methods we undertook a Density Functional Theory study of this novel cluster. All calculations were performed using the Gaussian 03 package [24] . Geometry optimization of the cluster was performed at the B3PW91/LANLD2Z level for heavy atoms and at the B3PW91/6-31G** for the light atoms. The nature of the stationary points was confirmed by normal mode analysis. No negative frequencies were found for the optimized geometry. It can be seen from the data in Tables 2 and 3 that calculated bond distances and angles are in reasonable agreement with the experimental values.
The computed metal-metal bonds and metal-ligand bonds are slightly elongated with respect to the experimental ones (~0.03-0.07 Å) and this has been previously noted for these types of complexes in the absence of applying an f polarization [32] . The overall pattern of the carbonyl stretching frequencies are qualitatively duplicated by the calculations but they are shifted by 100 cm -1 and curiously, one additional peak is observed experimentally which we tentatively assign to the hydride ligand (1950 cm -1 ).
Table 3 here
Most interestingly, the HOMO in 2 is strictly metal based while the LUMO has mainly ligand contributions with some metal involvement at the unique osmium atom. In cases where reversible reduction and stable radical anions of this structural type are observed (e. g.
phenanthridine, 5,6-benzoquinoline) involvement of the hydride-bridged edge of the cluster in the LUMO is observed and significant spin density on the hydride is present based on both experimental and computational evidence [4a] . This interaction leads to a more delocalized radical anion with the associated stabilization [33] . This interaction is conspicuously missing in 2 and probably explains why this tricyclic aromatic triosmium cluster does not show reversible oneelectron reductions. This segregation of metal and ligand participation in the constitution of the molecular orbitals of 2 carries over to the H-1 and H-2 orbitals (Figure 3 ) until finally at H-3 significant participation of both metal and ligand orbitals is seen (Figure 4 ). Again this is contrast with the results of previous DFT studies of related electron deficient clusters where participation of both metal core and ligand in the occupied and unoccupied molecular orbitals is pervasive [4, 33, 34] . The non-planarity of this heterocyclic system in both the solid state and computed structures surely makes a strong contribution to the orbital pictures presented in Figures 2-4 and may also be the route cause of the instability of the radical anion.
Figures 2-4 here CONCLUSIONS
The present work reports an unprecedented example of an electron-deficient triosmium cluster bearing a sulfur coordinated heterocyclic ligand whose carbocyclic ring is also bound to the cluster via a three centre two electron bond. The synthesis of compound 2 has opened up the possibility of exploring the synthesis of this so-far-unknown class of compounds. The electrondeficiency in 2 has been demonstrated by its facile reactions with CO and PPh 3 . Complex 2 however, is distinctly different electronically than the previously reported hetero-polycylic triosmium complexes in that there seems to be less direct electronic communication between the ligand and the metal core based on the electrochemical behavior, the DFT results and the facile displacement of the thianthrene ring from the cluster by phosphines. It will be interesting to see if the alteration of the reactivity of the aromatic ring observed with the former complexes will extend to sulfur based electron deficient complexes such as 2.
SUPPLEMENTARY MATERIAL
Crystallographic data for the structural analyses have been deposited with the Cambridge 
